Abstract--Electric potentials as a function of distance were calculated for a model of the double layer on clays in which a surface zone a few water molecules thick has a low dielectric constant. This zone is followed by bulk water with a normal dielectric constant. The double layer potentials were found to be lower than those obtained from the Gouy model, in which water has a normal dielectric constant throughout the double layer.
INTRODUCTION
Most workers agree that the water layers in contact with oxygen-hydroxyl surfaces, such as those found in phyUosilicates and oxides, have a much lower dielectric constant than the value of 78.3 for bulk water. In other words, the inner zone of the double layer on clay minerals is characterized by a low dielectric constant which is at least one order of magnitude lower than the corresponding bulk water value. Opinions, however, differ on the thickness of that water. Measurements of the dielectric properties of adsorbed water on clays and oxides by Mamy (1968) , Nelson et al. (1969) , McCafferty and Zettlemoyer (1971) , Hoekstra and Doyle (1971) , and Hall and Rose (1978) show beyond doubt that the dielectric constant of water at and below monolayer coverages is very low, about 4, but that the values increase abruptly as the number of water layers increases. Recent studies by Fripiat et al. (1983) concluded that the thickness of the water which is under the direct influence of the surface fields is less than 10 /~ in clays.
Some time ago, a study was carried out by Helmy (1973) on the influence of the presence of a layer of liquid with a low dielectric constant at a clay surface on the electric potential-distance curve. The study examined both high and low double layer potentials. In the present study a general solution is presented that is valid for all potential values and for all distances between the particles.
THEORY
Consider two interacting clay plates as shown schematically in Figure 1 . Each plate has a surface charge density a. In contact with the clay surface is a liquid layer of thickness l having a dielectric constant DI (zone 1 in Figure 1 ). This layer is followed by more layers of liquid having a dielectric constant D2 (zone 2 in Figure  1 ). The charged plate at the left is placed at x ---0. The electrolyte concentrations are CI and C2 in zones 1 and 2, respectively. At any point in the system the Poisson equation is valid; hence in zone 1:
and in zone 2:
where p~ and p2 are the respective charge densities and ff~ and ~2 are the respective potentials in the zones. For the system as a whole, the electroneutrality condition is given by:
/o' 5, 01 dx + /2 2 dx = -a.
Furthermore, the following boundary condition is valid at x = l:
Substitution of Eq. (1) and Eq. (2) into Eq. (3) and integrating (knowing that (dff/dx) vanishes at the midway distance between the plates, where x = h) gives after using Eq. (4) the relation:
Limiting the treatment to a system containing a symmetric-type electrolyte, a first integration of Eq. (1) and Eq. (2) gives:
and (dff2/dx) 2 = (16rRTC2/D2) -(cosh(zFff2/RT) + K2).
To evaluate Kz, the condition (dff/dx)h = 0 must be assumed in Eq. (7) to yield:
TO evaluate K1, the condition given by Eq. (4) must be imposed upon Eqs. (6) and (7) to yield:
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where r = ~/87rF~z2C/RTD and y = zF~/RT.
Eq. (6) may now be written as:
g 2 dy/k/2 cosh y + 2K~ = -r~ dx;
0 and similarly, Eq. (7) may be written as:
where Xh is the distance from the point where y = Yt to y = yh. The solution of Eq. (10) valid for K t -> 1 may be written as: (12) where b = ~/K~ + ~ (Devereux and de Bruyn, 1963) .
For -1 <-K~ -> 1, the solution of Eq. (10) may be written as:
The solution of Eq. (11) when the slope of the potential-distance curve is negative, may be written as (Devereux and de Bruyn, 1963) :
F [k,q~] is the elliptic integral of the first kind, and F [k,Tr/2] is the complete elliptic integral of the first kind.
To obtain a relation between the surface charge density a and the surface potential, the condition given by Eq. (5) is imposed on Eq. (6) to yield:
CALCULATIONS

Non-interacting system at constant surface-charge density
The following values for the different quantities were used in the calculations: tr = 2.788 • 104 esu/cm 2, C~ = Cz = 0.01 M, D~ = 7.83, and D2 = 78.3. The calculations were made as follows: by assuming Yh = 0 in Eq. (9), K~ was calculated using assumed values for Yr. The values of y0 were then obtained from Eq. (15) using the known values Of Kl and ~. The value of l, i.e., the thickness of zone 1, was obtained from Eq. (12) and/ or Eq. (13) using the known values ofYo, Yt, and K~. When the arguments of the elliptic integrals were both near 90 ~ , the integrals were evaluated by the methods given by Franklin (1944) and Jahnke et al. (1966) .
The value of l was also calculated using the following equation (Helmy, 1973 
Interacting system at constant charge density
The minimum potential was calculated using Eqs. (9), (12) 
DISCUSSION
It is generally believed that the effective dielectric constant in the aqueous phase increases with distance from a charged surface, from a low value (probably < 10) compared with its bulk value (~80) over a distance of several water molecular diameters. The profile of this dielectric change is an important characteristic on which depend many properties of the electric double layer, such as the energy of an adsorbed ion (Levine and Robinson, 1972) and the electric potential distribution (vide infra). This profile can be continuous, discontinuous, or a combination of both. The discontinuities may be placed at the outer Helmholtz plane or at the inner one or at both. Levine et al. (1974) and Levine and Fawcett (1979) preferred a continuous profile, though the function that represents the variation of the dielectric constant was chosen arbitrarily (e.g., hyperbolic cosine, circular cosine, elliptic functions) and the problem remains for further study.
In the present work a discontinuous profile has been assumed for the dielectric constant in the double layer, because most of the studies on clays cited above show that only below few water layers coverage is the dielectric constant of water lower than the bulk value. Furthermore, the discontinuity in the dielectric profile was not confined to any specific zone of the double layer because we wanted to know the effect of the thickness of the liquid layer with low dielectric constant on the properties of the double layer on clays.
Non-interacting system
For the non-interacting system, the dependence of the surface potential (fro) on the potential at the boundary between the two solvent phases (if1) is shown in Figure 2 for a zone in contact with the charged clay surface (zone 1) having a dielectric constant 1/10, the value in the subsequent zone, and for a (1-1) type electrolyte at a concentration of 0.01 M in both zones. It may be seen from Figure 2 that if the thickness of zone 1 is zero, as in the Gouy model, xb 0 = ffl = 142 inV. If the thickness of the zone is 3 ,~, the approximate thickness of a monolayer of water, the surface potential reaches 200 mV. This value remains almost constant as the thickness of zone 1 increases, reaching finally the value of 201 mV obtained when all of the double layer is present in a single medium having a dielectric constant of 7.83. In other words, once one layer of solvent with a low dielectric constant is formed on the surface, more layers of the same solvent hardly affect the value of the surface potential.
Though the effect on the surface potential of the presence of a layer of a low dielectric constant near a clay surface was found to be small, it is very pronounced on the potential-distance curve, as shown in Figure 3 . As these data show, the Gouy model gives a much slower decay in the values of the potential as a function of the distance than the multimedia model presented in this paper. For example, at a distance of (Hauser and Le Beau, 1941; Oakes, 1960; Swartzen-Allen and Matijevic, 1975) represent the potential at a plane of shear separated by thicknesses of one or two water molecules from a clay surface, the values of the potential obtained from the present model are more in line with the experimental values of clays than the Gouy model.
For the purpose of comparison, the results of calculations carried out using an equation given earlier by Helmy (1973) and representing the high potential approximation of Eq. (12) and Eq. (13) are given in Figure 3 . As may be seen from the figure, the high potential approximation gives values slightly greater than those obtained by the mentioned equations. . Reduced minimum potential between two interacting particles as a function of the midway distance. Curve 1 --water has a normal dielectric constant throughout the double layer; curve 2--the innermost zone has a lower dielectric constant than the rest of the double layer. Circles represent data calculated from Barclay et al. (1972) for 0.0001 M NaC1.
Interacting systems
For interacting double layers wherein a zone of low dielectric constant of thickness 3 /~ is found near the solid surface, the calculations show that under the condition of constant surface-charge density, the potentials at the boundary between zone 1 and zone 2 as well as the surface potentials, change little as the distance between the particles increases. Thus, at a separation distance between the particles of 30.4 /k, y~ = 2.82 and attains the value of 2.60 at infinite distance of separation. The corresponding values of Yo are 7.808 and 7.708, respectively.
With respect to the values of the minimum potential between two interacting particles, the data given in Figure 4 show that the minimum potentials are smaller where a zone of low dielectric constant is present near the surface than where it is absent. The distance between the two curves in Figure 4 increases as the distance between the particles decreases. This result may have an important effect on the value of the energy of repulsion, swelling pressure, and other properties of clay suspensions in which the values of the minimum potential are needed.
Furthermore, for the inner region of the double layer, the Stern correction of the Gouy model is inadequate for surfaces characterized by a constant charge density, because the rate of change of the potential with the distance at the diffuse region boundary (see Eq. (5)) is a constant due to the constancy of the surface-charge density. Hence, according to Bell and Peterson (1972) , the potential distribution and the energy of repulsion are not affected by the presence of a Stern layer. This, however, does not occur for the correction of the Gouy model presented above where important changes in the potentials take place as a result of the presence of a layer of low dielectric constant near the surface.
